The molecular mechanisms underlying chemotaxis in human leukocytes and in D. discoideum are evolutionarily conserved. The latter provides a powerful model system to identify new components and to reveal their functions involved in chemotaxis. All these cells utilize G-Protein-Coupled Receptors (GPCRs) signal transduction machinery to carry out chemotactic gradient sensing
C hemotaxis, chemoattractant-guided directional cell migration, plays major roles in human innate immunity and in development of a model organism Dictyostelium discoideum. Human leukocytes and D. disscoideum share remarkable similarities in the molecular mechanisms that control chemotaxis. These cells use G-Protein-Coupled Receptors (GPCRs), such as chemokine receptors, to control a signaling network that carries out chemotactic gradient sensing and directs cell migration. Diverse chemokines bind to their receptors to activate small G protein Rac through an evolutionarily conserved mechanism. Elmo and Dock180 proteins form ELMO/Dock180 complexes functioning as guanine nucleotide exchange factors (GEFs) for Rac activation. However, the linkage between GPCR to Elmo/Dock180 for Rac activation that controls F-actin dynamics remained unclear. Recently, we discovered a novel function of an ELMO protein in Dictyostelium discoideum linking GPCR signaling from Gβ to actin dynamics through regulating Rac activation during chemotaxis.
The molecular mechanisms underlying chemotaxis in human leukocytes and in D. discoideum are evolutionarily conserved. The latter provides a powerful model system to identify new components and to reveal their functions involved in chemotaxis. All these cells utilize G-Protein-Coupled Receptors (GPCRs) signal transduction machinery to carry out chemotactic gradient sensing Rockville, MD USA and cell migration. [1] [2] [3] Binding of a chemoattractant to its receptor induces the dissociation of heterotrimeric G-proteins into Gα and Gβγ subunits. [4] [5] [6] Free Gα and Gβγ activate their downstream signaling components, such as Rac, to induce the growth of actin filaments. 7 Consequently, activation of GPCRs promotes actin polymerization through Rho/Rac, which plays critical roles in chemotaxis. 8 However, the linkages between a GPCR/GαGβγ machinery and a Rac-controlled actin polymerization machinery have not been fully understood. Recently, we identified an Elmo/Dock complex, which serves as a bridge between GPCR signaling and Rac-regulated actin cytoskeleton during chemotaxis of D. discoideum cells. 9 Activation of Rac proteins promotes the growth of actin filaments that drive cell migration. Rac proteins, like other small GTPases, cycle between GDP-and GTPbound states. They activate their effectors when they are in their GTP-bounded (active) state. Two large classes of regulatory proteins control the activation state of small GTPases. The GTPase-activating proteins (GAPs) bind to GTP-bound Rac proteins to enhance their GTPase activity, thereby converting them to the inactive GDP-bound state. Conversely, guanine exchange factors (GEFs) promote nucleotide exchange from GDP to GTP on small GTPase. The GEFs for Rho/Rac GTPases can be subdivided into Dbl and Elmo/ DOCK (dictator of cytokinesis) families. and in suppressing the formation of lateral pseudopods, which are essential for effective chemotaxis. ElmoA associates with cortical actin and myosin II heavy chain, which are known to enhance cell cortical rigidity, thereby ensuring cell polarity. 20 Interestingly, there are six members of Elmo protein in human. In addition to the known functions of Elmo (1-3) and Dock180s as GEFs for Rac proteins, ElmoD2 has been shown to function as a GAP for the small G-proteins Arl and Arfs. 21 Further studies are required for discovering molecular mechanisms involved in these unconventional Elmo proteins. Recently, we found that Elmo and Dock from the Elmo/Dock complexes and serve as a GEF for Rac proteins in D. discoideum. 9 There are eight genes to encode Dock-like proteins in D. discoideum. 22 Among them, DdDockA-D appear to belong to the subfamily of Dock180-related proteins and DdzizA-D belong to the subfamily of zizimin-related proteins, which include mammalian Dock9 and Dock10. 22 We found that ElmoE associates with DdDockC and DdzziA to from evolutionarily conserved Elmo/Dock complexes that serve as GEFs for small G-protein RacB in D. discodieum.
We discovered several proteins associated with ElmoE using proteomic and biochemical analyses. 9 The ElmoEassociating proteins include Gβγ, Docklike proteins, RacB and the Arp2/3 complex. The association between Gβγ and ElmoE represents the first direct link between the Elmo/Dock complexes to the GPCR signaling. Interestingly, it appears that activation of cAR1 GPCR promotes the association between Gβγ and ElmoE and this association likely occurs at the N-terminal part of ElmoE. Furthermore, activation of cAR1 requires ElmoE to activate RacB, which leads to actin-polymerization for chemotaxis. Although the molecular mechanisms are not well understood, we propose a novel pathway that transduces signals stepwise from GPCR, Gβγ, ElmoE/Dock, RacB, Arp2/3 to actin polymerization for chemotaxis. It is attempting to speculate that this pathway is conserved in other eukaryotic cells, and this pathway may also play a role in chemokine GPCR-controlled cell migration of mammalian cells. of human neutrophils. 18 Therefore, other signaling mechanisms instead of simple localization of GPCRs must account for Rac-controlled actin polymerization at the leading front in chemotaxing cells.
Signaling mechanisms linking activation of GPCR to re-organization of actin cytoskeleton have been extensively studied, and are yet fully understood. In D. discoideum, activation of cAR1 leads to the dissociation of the G-proteins into Gα2 and Gβγ subunits, 5 which control several pathways that regulate the actinbased moving apparatus for chemotaxis. The cAR1/G-protein machinery activates small GTPases, Ras proteins, that regulate four signaling components, PI3K, PLA2, TORC2 and sGC. 2 Although each of the four has been shown to contribute to chemotaxis, it is not clear how each of them regulates Rac activity or actinmoving apparatus. In chemotaxing cells, active Rac proteins stimulate Arp2/3 complex that initiate the branching of actin filaments from the existing ones, which results in the growth of the dendritic actin-network pushing the membrane forward in the leading front of cells. 7, 19 It is essential to understand the pathways linking the GPCR signaling to the activation of Rac proteins. Activation of Rac proteins requires guanine nucleotide exchange factors (GEFs), and the Elmo/Dock complex is one of the evolutionarily conserved Rac GEFs. Thus, it is important to establish the linkage between chemoattractant GPCRs to the Elmo/Dock complex, which guides the re-organization of the actin-moving apparatus during chemotaxis.
We identified six genes (elmoA-F) that encode proteins containing one Elmohomology domain in D. discoideum using a genomic approach. 13, 20 Among these six additional members of the Elmo family, we found that ElmoA protein functions as a negative regulator of actin polymerization during phagocytosis and cell migration. 20 Loss of elmoA displays an overall increase in phagocytosis, which is dissimilar to the defects in engulfment of dead cells exhibited by the C. elegans ced-12 (elmo) mutant. In addition, elmoA-cells have an increased pseudopod formation and an elevated F-actin localization within pseudopods. The mutant is defective in maintaining cell polarity Elmo proteins form an evolutionarily conserved and ancient family, which includes members in D. discoideum, C. elegans and human. 11, 12 The first member, Ced-12, was discovered in a genetic screen to identify components required for engulfment of dead cells during the development of C. elegans. Ced-12 gene encodes a protein that is essential for EnguLfment and cell MOtility, thus named the protein Elmo. 12 Other members of Elmo family were later found in many organisms. 11, 13 Extensive studies in C. elegans and in mammalian cells showed that Elmo and Dock180 form a complex that serves as a GEF for Rac proteins. 11, 12 Although an Elmo protein does not have GEF activity for Rac, the formation of an Elmo/Dock180 protein complex is critical for Rac activation and for Rac-induced cell migration. It appears that Elmo and Dock180 always form a complex, and the Elmo/Dock180 complex exists in two different states, a "closed" state that has little GEF activity for Rac proteins and an "open" state that enables the complex to function as RacGEF.
14 Activation of cell surface receptors, such as GPCRs, stimulates the GEF activity of Elmo/Dock180 complexes, which, in turn, activate Rac proteins for cell migration. However, how a GPCR/G-protein machinery regulates the Elmo/Dock complex is not understood in any organisms.
D. discoideum has been established as a key model system for studying GPCRmediated chemotaxis of eukaryotic cells. 15 This organism utilizes a GPCR, the cAMP receptor (cAR1), coupled with the G-protein Gα2Gβγ to sense the chemoattractant cAMP and mediate directional cell migration. 16 Over the years, many fundamental questions in eukaryotic chemotaxis have been raised and concepts have been developed in studies of chemotaxis using the model system D. discoideum. For example, to explain how a cell can persistently migrate in a chemokine gradient, one earlier hypothesis was that the enrichment of chemokine receptors at the leading front of cells is required. However, cAR1 receptors were found to be uniformly distributed in the membrane of chemotaxing D. discoideum cells, 17 and this was subsequently showed to the case for chemokine GPCRs
